We evaluated long-term results of two different repair strategies of anomalous origin of left coronary artery from pulmonary artery (ALCAPA) in two German surgical centres.
INTRODUCTION
Anomalous origin of left coronay artery from the pulmonary artery (ALCAPA) is present in 1 of 300 000 live births and accounts even sudden death in infancy [1] . Three main factors determine the onset of symptoms and the degree of myocardial ischaemia: the rapidity of ductus closure, maintenance of pulmonary hypertension and presence of intercoronary collaterals between the ALCAPA and the right coronary artery (RCA) [4] .
According to this, ALCAPA patients can be divided into two groups [4] : most patients belong to the infantile group who have only a mildly dominant RCA and small, few or no collateral vessels. They consequently develop early (days to weeks after birth) and severe myocardial ischaemia with left ventricular (LV) dysfunction and dilatation, as well as MR from papillary muscle ischaemia. Only 10-15% of ALCAPA patients show an adult-type circulation pattern, which is characterized by a large dominant RCA, extensive collateralization and/or an ostial stenosis of the ALCAPA. These patients may not suffer from symptoms for decades, but if the abnormality remains unrepaired, there is a not-negligible risk of progressive cardiac dysfunction, malignant arrythmia and sudden death, which has an estimated incidence rate of 80-90% at a mean age of 35 years [5, 6] . Several surgical approaches have been developed over time, but establishing a two-coronary anatomy and physiology has become the standard approach for repair. The current ideal option of direct reimplantation of the ALCAPA into the aorta was already described in 1974 by Neches et al. [7] . In cases in which the direct implantation of the ALCAPA is not feasible because of insufficient length of the ALCAPA, extensive collaterals surrounding the pulmonary sinuses or an unfavourable coronary anatomy with the orifice of the ALCAPA being located in the anterior pulmonary sinus or in the left lateral position of the left pulmonary sinus, physiological repair can be achieved by the Takeuchi procedure. This involves the creation of an aortopulmonary window and an intrapulmonary tunnel within the PA for rerouting the blood flow from the aorta to the main left coronary artery [1, 8] .
The present study was undertaken to evaluate the long-term results of ALCAPA repair in two German centres for paediatric cardiac surgery, focusing especially on freedom from reoperation, LV function and the fate of the mitral as well as the pulmonary valve.
MATERIALS AND METHODS

Study cohort
Between November 1980 and October 2012, a total of 30 patients underwent ALCAPA repair at two German centres for congenital cardiac disease, Hannover Medical School, Hannover, Germany, and Sana Cardiac Surgical Clinic, Stuttgart, Germany.
Health records, including medical records and imaging studies (echocardiography data), were reviewed retrospectively. Data included preoperative details, surgical anatomy, operative management, perioperative course, postoperative outcome, reoperations and clinical and echocardiographic assessment at regular cardiology follow-up. Hospital mortality was defined as death during the same hospital admission or within 30 days of operation. Clinical assessment included an evaluation of functional status based on the New York Heart Association (NYHA) classification, clinical examination and transthoracic echocardiography. Echocardiography studies were performed in a standardized way and assessed by qualified and experienced echocardiographic reviewers.
Echocardiographic parameters included fractional shortening (FS), LV end-diastolic diameter (LVEDD) and the degree of mitral and pulmonary regurgitation graded as none or trivial, mild, moderate or severe.
This retrospective study was approved by the local institutional ethics committee with no need for individual consent (No. 2184-2014).
Surgical strategy
Whenever children were suffering from persistent congestive heart failure or being in a critical clinical state, i.e. requiring high doses of inotropes, surgery was carried out on an urgent (within 48 h) or emergency basis. In all other patients being clinically stable, surgery was undertaken on a semi-elective basis, i.e. within a few days.
There was no standardized protocol for surgical repair. Whenever technically feasible, direct aortic reimplantation of the ALCAPA was performed. Takeuchi repair was chosen if intraoperatively direct reimplantation of the ALCAPA did not seem to be feasible because of unfavourable coronary anatomy, i.e. the anomalous coronary ostium being located at the non-facing pulmonary sinus. Also in emergency situations, with respect to a shorter cardiopulmonary bypass (CPB) and ischaemic time, the Takeuchi procedure was preferred. Surgical strategies differed between the two participating study centres: in Hannover Medical School, 9 patients underwent Takeuchi repair, whereas in Stuttgart, all patients were treated by direct reimplantation of the ALCAPA. In 3 of these patients a tubular extension technique using posterior pulmonary wall or pericardium was used.
All patients underwent median sternotomy and were placed on moderate hypothermic CPB, being achieved by using ascending aortic and either bicaval or two-stage venous cannulation with left atrial venting through the right superior pulmonary vein. In 8 patients, deep hypothermic circulatory arrest was used. Soon after institution of CPB, both pulmonary artery (PA) branches were snared to promote antegrade perfusion in the ALCAPA, and the aorta was cross-clamped. For myocardial protection, cold crystalloid (80%) or blood cardioplegic (20%) solution was infused into the aortic root in all patients. Additional administration of cardioplegic solution through the pulmonary root or into the orifice of the ALCAPA (or retrograde or combination) was implemented in 3 and 1 patients, respectively. After identification of the origin of the ALCAPA through a transverse incision of the pulmonary trunk, the technique of repair was chosen according to the anatomy. For direct aortic reimplantation, the anomalous coronary artery was excised with a generous cuff of PA wall, extensively mobilized and directly reimplanted into the ascending aorta. To allow a tensionfree anastomosis of the reimplanted coronary artery, a tubular extension technique with pulmonary artery flap of the posterior pulmonary wall was used in 3 patients.
For the Takeuchi procedure, an aortopulmonary window and an intrapulmonary tunnel were created. Only two patients in the early 1980s were treated by ligation of the ALCAPA.
Statistical methods
Statistical analyses were performed using IBM SPSS Statistics Version 23 (SPSS, Inc., Chicago, IL, USA). Continuous variables were reported as means ± standard deviation or as median and interquartile ranges, when distributions were skewed. Categorical variables were presented as frequencies with percentages. Survival, reoperation and development of pulmonary regurgitation were determined using the Kaplan-Meier method. We used the log-rank test to detect significant differences between event-free times of groups. Spearman's rank correlation test was used to describe the development of LV-FS over time depending on the age at ALCAPA repair. Differences were considered statistically significant if P was <0.05.
Follow-up examination results were interpolated linearly if the interval between two subsequent values was more than a year; in case of repeated measurements within 1 year, only the value closest to the yearly interval was included in the calculations in order to avoid unequal weights for different patients. Loess smoothing functions were applied to illustrate the parameter changes over time.
RESULTS
Perioperative data
There were 10 male (33.3%) and 20 female patients (66.7%) with a median age of 0.4 years (range 0.05-37.6 years) and median weight of 5.7 kg (range 3.2-58 kg). Nineteen patients (63.3%) were younger than 1 year and 6 were younger than 3 months (20%) at the time of ALCAPA surgery.
Most children (66.7%) presented with symptoms of severe congestive heart failure (NYHA Class III or IV) and/or reduced LV function. Twelve children (40%) were critically ill requiring preoperative inotropes (36.7%) and/or mechanical ventilation (30%). Electrocardiographic signs of myocardial infarction (ST-segment elevation or depression, presence of Q waves, negative T waves or disturbances of repolarization) could be found in the majority of patients (70%).
There were 3 adult patients with ALCAPA in our study cohort, 2 women and 1 man. At the time of the diagnosis of ALCAPA, they were 33, 38 and 19.5 years old. In the first patient, a 38-year old woman, the ALCAPA syndrome was discovered during a routine check-up at a public health officer. She was completely asymptomatic and in a good physical condition, performing competitive sports. Intraoperatively, we found a dilated tortuous right coronary artery with many collaterals to the left ventricle ( Supplementary  Fig. 1 ). Conversely, the other 33-year old woman presented with angina and shortness of breath during exercise and general weakness for several months. The 19.5-year old male patient suffered from intermittent angina and ventricular extrasytoles, but was in a good clinical condition with regular engagement in physical exercise before.
Diagnosis of ALCAPA could be established by 2D echocardiography with colour Doppler evaluation alone in 24 patients (80%). Angiographic confirmation was obtained in 29 cases. The left coronary artery originated from the main PA trunk in 28 patients (93.3%), from the left PA in 1 patient and from the main PA trunk close to the right PA in another patient. In 19 patients, the anomalous coronary ostium was located in the right-hand pulmonary sinus, in 2 patients it was located in the left-hand pulmonary sinus and in 1 patient, the ALCAPA arose from the non-facing pulmonary sinus (nomenclature after Dodge-Khatami et al. [9] ).
Twelve patients showed associated cardiac anomalies such as a persistent foramen ovale in 7 patients, an atrial septal or ventricular septal defect (two patients each) or a dysplastic mitral valve in one patient.
The mean preoperative fractional shortening (FS), calculated by 2D transthoracic echocardiography (TTE), was 20.25 ± 10.86% respectively. Preoperative mitral regurgitation (MR) was evaluated by colour Doppler flow in TTE and graded as none, trace, mild, moderate and severe. Fifty percent of patients presented with at least moderate preoperative MR.
In 19 patients the ALCAPA was directly reimplanted into the aorta (63.3%), nine patients (30%) underwent Takeuchi repair (creation of an intrapulmonary tunnel) and in two patients (6.7%) the ALCAPA was closed. The PA was reconstructed with autologous pericardium in most patients (93.3%), but could also be directly repaired in two patients.
Even in the presence of moderate or severe MR, the mitral valve was not addressed at the initial ALCAPA surgery in all but 1 patient (3.3%).
In 2 patients, concomitant procedures other than mitral valve replacement (MVR)/reconstruction were performed at the time of ALCAPA surgery. These included one closure of an atrial septal defect (n = 1) and one concomitant closure of an atrial and ventricular defect (n = 1).
Follow-up
The total follow-up was 244.8 patient-years with a mean follow-up of 8.16 ± 6.7 years. The maximum follow-up was 24.3 years. When a patient was not followed up in the two participating hospitals, follow-up data were obtained by physician or patient contact. Information was obtained for all but 1 patient (96.7% complete).
Mortality, late survival and functional status
There was one hospital death (3.3%) in 1984, a 3-month old girl diagnosed with anomalous origin of the left coronary artery from the right-hand pulmonary sinus [9] . Due to anatomical issues, direct aortic reimplantation was not possible and so the ostium of the ALCAPA was ligated. Despite a very short pump run of 10 min and high doses of catecholamines, the child could not be weaned from CPB and as left ventricular support was not yet available at this time, the child died in refractory low cardiac output. Intraoperative inspection showed a completely scarred ischaemic left ventricle.
There was no late mortality, yielding an actuarial survival rate for the entire cohort of 96.7% at 24 years ( Fig. 1) . All patients who received either a coronary transfer or a Takeuchi repair survived.
Six children (20%), three after coronary transfer and three after Takeuchi repair, needed postoperative extracorporeal membrane oxygenation (ECMO) support with a mean duration of 5.2 (range 1-8 days) days. In these children, secondary sternal closure was done on the day of ECMO removal. There was no need for secondary sternal closure in patients who needed no ECMO support (Fig. 2) .
At the last follow-up, 28 patients (95.5%) were in NYHA Class I leading a normal, fully active life and only 1 patient who underwent Takeuchi repair was in NYHA Class II.
Reoperation
In the whole study period, 4 patients underwent reoperation (13.3%); two who had initially undergone coronary transfer and 2 patients who had received Takeuchi repair initially.
The first coronary transfer patient underwent MVR 13 years after initial coronary transfer. The second patient, who underwent initial ALCAPA repair by had to undergo MVR and arterial bypass grafting of the left anterior descending (LAD) artery using the left mammary artery after 1 year and re-MVR after 14 years.
One patient with an initial Takeuchi repair had to undergo reconstruction of the PA after 3 years and another patient with Takeuchi repair needed a tunnel revision shortly after the initial operation and repair of a supravalvular PA stenosis after 7 years (Fig. 3) . No patient died at reoperation.
Thus, the 10-year rate of freedom from reoperation was 94.1% for patients treated with coronary transfer compared with a 10-year rate of freedom from reoperation of 71.1% for patients with Takeuchi repair (P = 0.146).
In multivariable analysis, neither age at operation, gender, type of repair method nor degree of mitral valve regurgitation (MR) preoperatively could be identified as a risk factor for reoperation. The actuarial freedom from reoperation is shown in Fig. 4 .
Recovery of left ventricular and mitral valve function
Left ventricular function was assessed by 2D echocardiography showing constant improvement of left ventricular fractional shortening (LV-FS): starting with a mean preoperative LV-SF of 20.3 ± 10.9%, it progressively increased over time to 37 ± 6.9% at the 1-year follow-up to reach 35.7 ± 4.8% 5 years after ALCAPA repair, being within normal range. The most remarkable recovery takes place in the first year after initial ALCAPA repair. Patients who were corrected at a younger age showed quicker recovery of LV-FS, regaining normal FS after approximately 1 year (Fig. 5a ). Better recovery (LV-FS improvement between perioperative examination and first measurement after discharge) after repair at a younger age (P = 0.014) was shown by the rank correlation test (Spearman's ρ = −0.62, 95% CI = −0.858 to −0.153).
At the last follow-up, the left ventricular end-diastolic diameters indexed to normal were 3 ± 12% above the normal values compared with 42 ± 34% preoperatively (P < 0.01 according to the relatedsamples Wilcoxon signed-rank test). Patients corrected before completing their first life year changed from 62 ± 33% to 3 ± 8%; those corrected later changed from 21 ± 24% to −5 ± 10% (Fig. 5b) .
Preoperatively, 15 (50%) patients presented with less than moderate mitral valve regurgitation (MR), 8 (26.7%) with moderate MR and 7 (23.3%) suffered from severe MR. Especially all children receiving ALCAPA repair with an age of <3 months suffered from moderate to severe MR but showed quick and almost complete reversal of MR at the last follow-up. There was only one concomitant mitral valve repair at the time of primary ALCAPA repair in an 18-month old boy with severe MR due to papillary muscle dysfunction.
At the last follow-up, MR was graded as absent or trivial in 18 patients (60%), mild in 6 (20%), moderate in 2 (6.7%) and moderate to severe in another 2 patients (6.7%). Notably, in all children receiving ALCAPA repair under the age of 6 months, MR was absent or trivial at the last follow-up.
Similarly, all patients operated between the age of 1 and 18 years showed complete reversal of MR at the last follow-up. Interestingly, children receiving ALCAPA repair between 6 and 12 months of age showed the slowest reversal of MR during the follow-up period, mostly suffering from mild MR at the last followup visit. In adult patients (>18 years at ALCAPA repair), MR remained stable over time.
When analysing MR development over time in relation to the type of repair, there were no statistically significant differences in MR grade at the last follow-up. Of note, two patients with coronary transfer received MVR after the initial ALCAPA surgery: one patient underwent MVR and arterial bypass grafting of the LAD using the left mammary artery after 1.5 years and re-MVR after 14 years. The other patient received MVR 13 years after initial surgery. At the last follow-up both patients had no regurgitation left (Fig. 6) . In a multivariable analysis, neither age at operation, gender, type of correction method nor degree of preoperative MR could be identified as a risk factor for the development of at least moderate MR. Interestingly, most patients who initially received a Takeuchi repair developed significant worsening pulmonary regurgitation (PVI) during the follow-up period. Ten years after Takeuchi repair, 79.9% of the patients suffered from at least moderate pulmonary regurgitation, in contrast to 0% after coronary transfer (P < 0.001). Preoperatively, pulmonary regurgitation had been judged as none to trace in all patients. In multivariable analysis, neither age at operation, gender or type of correction method could be identified as a risk factor for the development of at least moderate PVI (Fig. 7) . However, only 2 patients developed a significant pulmonary stenosis after Takeuchi repair which had to be corrected later on.
DISCUSSION
Surgical repair techniques and reoperation
Since the first description of anomalous origin of left coronary artery from pulmonary artery (ALCAPA), several surgical repair strategies have evolved over time. As more and more centres gained experience with coronary artery transfer during the arterial switch operation for transposition of the great arteries, direct aortic reimplantation of the ALCAPA became the technique of choice [10] . There is a very low risk of (late) stenosis or occlusion of the reimplanted coronary artery necessitating reoperation [11] . However, there are few data comparing mid-term and late outcomes of patients treated with different surgical techniques with regard to reoperations, recovery of ventricular function and development of valvular disease.
Concerning reoperations, only one patient from our cohort needed revascularization with the left internal mammary artery (LIMA) 1 year after direct aortic reimplantation combined with MVR. However, worsening MR can be regarded as an indirect sign for stenosis or occlusion of the reimplanted ALCAPA [11] . Another patient needed MVR 13 years after coronary transfer, although there were no signs for LV dysfunction or stenosis of the reimplanted ALCAPA.
Late complications of Takeuchi repair leading to reoperation include baffle leak and supravalvular PA stenosis. In our study, two patients with Takeuchi repair had to undergo three reoperations because of a baffle leak (1) and supravalvular PA stenosis (2) . All in all, there was no significant difference in reoperation between repair types.
Mortality and use of ECMO
In the literature, mortality rates after surgical repair of ALCAPA have a wide range between 0% and 16%. In our patient cohort, one patient (3.3%) died after the operation in 1984. There was no late mortality.
Preoperative age, poor LV-EF [12] and the severity of MR [13] have been reported to be risk factors for mortality. As only 1 child died in our study group in 1984, we were not able to identify risk factors for mortality. Encouraging results have been achieved with mechanical support, including ECMO and left ventricular assist devices, especially in children with severe myocardial ischaemia and ventricular dysfunction. We used postoperative ECMO support in 6 children (20%), 3 after coronary transfer and 3 after Takeuchi repair. All of them survived and showed normal ventricular function and size at the last follow-up. At presentation, all of these children were critically ill, requiring inotropic (100%) and ventilatory support (83.3%) for cardiogenic shock. Other groups also describe the successful use of mechanical circulatory support with good long-term results, so that its use can be regarded as a life-saving option for children who cannot be weaned from CPB [14] .
Recovery of ventricular function
Normalization of left ventricular functional parameters like FS improved constantly over time, reaching normal ranges at the last follow-up. Consistent with other reports [14] , the most remarkable recovery took place during the first year after initial ALCAPA repair. Patients who were corrected at a younger age, especially under 6 months, showed quicker recovery of LV-FS. This is confirmed by the results of Stern et al., who detected perfusion defects on thallium 201 imaging in patients who underwent ALCAPA repair at an older age [15] . Together, these results support the concept of early ALCAPA repair in order to prevent progressive fibrosis following chronic myocardial hypoperfusion.
Ventricular dilatation, represented by the left ventricular enddiastolic diameter indexed to normal diameters, improved over time. This may reflect the recruitment of formerly hibernating myocardium.
Fate of the mitral valve
To date there are no guidelines how to manage MR at the time of ALCAPA repair. As MR in ALCAPA patients is due to myocardial ischaemia leading to LV dilatation with the result of mitral annulus enlargement on the one hand, and ischaemic dysfunction of the papillary muscles on the other, successful coronary revascularization is most important. Improving LV size and function are associated with a decrease in mitral annulus size, leading to a decrease in the severity of MR.
Hence, most centres do not address MR at initial surgery assuming that only a few patients will require later mitral reconstruction or replacement for clinically important MR [11] .
In our experience with 30 ALCAPA patients having repair by different surgical strategies, less than 15% (n = 4) suffered from moderate or moderate plus MR at the last follow-up. In comparison, 50% suffered from moderate or severe MR preoperatively.
Especially, children repaired at a younger age showed complete reversal of MR (MR absent or trivial) at the last follow-up, demonstrating the great regenerative potential of revascularized myocardium.Of note, reversal of MR was slower and more incomplete in adults and children undergoing ALCAPA repair at an age between 6 and 12 months compared with younger children. This may be due to the longer time span these patients suffer under pathological conditions and the resulting diminished regeneration potential of the myocardium.
Moreover, as restrictive annuloplasty has no growth potential, it cannot be used in children, thus warranting complex repair procedures on the chordae and papillary muscles. Thus, effective mitral valve repair in infants and young children at the time of initial surgery, being time-consuming and technically demanding, increases ischaemic time, which may be deleterious to an already compromised myocardium.
Whenever MR persists or even worsens, stenosis or occlusion of coronary reimplantation or the intrapulmonary tunnel has to be ruled out [16] . However, severe MR at presentation can be caused by irreversible damage of the subvalvar mitral apparatus (e.g. papillary muscle infarction or fibrosis), warranting repair of the mitral valve at the time of initial ALCAPA surgery [10] . This was the case for the only concomitant mitral valve repair performed at initial surgery in our cohort. The child presented with severe MR due to papillary muscle dysfunction. Direct aortic reimplantation and concomitant mitral valve repair were performed. One and a half years later, the child presented with worsening MR. Coronary angiography revealed occlusion of the reimplanted left coronary artery. MVR and LIMA bypass graft to the LAD were performed. After 14 years, he had to undergo redo MVR, because the previously implanted valve was now too small for his size.
Another patient in our cohort had to undergo MVR 13 years after initial direct aortic reimplantation of the ALCAPA due to a prolapse of the anterior mitral valve leaflet (AML). LV function recovered fully, there were no wall motion abnormalities and coronary angiography excluded obstructive coronary artery disease.
Notably, there were no statistically significant differences in MR at the last follow-up between Takeuchi repair and direct aortic reimplantation of the ALCAPA.
Fate of the pulmonary valve
Analysing echocardiographic data, we made the observation that patients who received an initial Takeuchi repair developed progressively worsening pulmonary valve insufficiency (PVI) over time. However, no patient with initial direct aortic reimplantation suffered from PVI at any time of the follow-up period. In contrast to supravalvular pulmonary stenosis, which is a well-known complication of Takeuchi repair, our observation of developing PVI has not been described in the literature before.
There are several possible explanations for the development of PVI after Takeuchi repair. On the one hand, supravalvular pulmonary stenosis may lead to PVI. Besides, fixation of the PA to the aorta or the stiff tunnel itself might influence the symmetry and development of the pulmonary valve during the years. Until now, no patient in our cohort had to undergo or is currently awaiting pulmonary valve replacement. Nevertheless, these patients are closely monitored by regular follow-up visits including detailed echocardiographic studies to evaluate the development of PVI and the right time point for pulmonary valve replacement.
Limitations
The main limitation of our study is its retrospective character with the inherent restrictions. The small sample size is consistent with the rarity of ALCAPA and can only be overcome in long-term multicentre studies. Besides, there was no randomization regarding the type of operation performed, and follow-up data could not be collected uniformly for all patients. Hence it is difficult to determine an exact time point to LV recovery after ALCAPA repair.
In addition, we did not perform an angiography-based followup study of coronary patency. One symptomatic patient underwent CABG, while all the others are asymptomatic, so we had no indication to assess the actual coronary perfusion status with an invasive method. Exercise testing or a high-resolution cardio CT scan might reveal further candidates for invasive diagnostics, but such testing was not part of the current study.
CONCLUSION
Our study demonstrates excellent mid-and long-term outcome after surgical establishment of a dual-coronary system either by direct aortic reimplantation or by Takeuchi repair with low reintervention rates. LV function recovered fully over time. Complete reversal of MR could be achieved in most patients after coronary revascularization without the need of MV repair. Only two patients (6.7%) had to undergo MVR. A significant proportion of patients after Takeuchi repair developed progressively worsening PVI during follow-up. Although it can be deduced from the repair mechanism, this observation has not been described previously. Several late complications leading to reoperations after Takeuchi repair like baffle leak or supravalvular PA stenosis have been described in the literature before. There seems to be a trend towards increased reoperation rates after Takeuchi repair compared with direct aortic reimplantation of the ALCAPA [17] . In our study, there was the same number of reoperations for both repair types. One of the greatest risks of direct aortic reimplantation is coronary insufficiency due to insufficient mobilization of the ALCAPA or unsuitable coronary anatomy.
However, direct aortic reimplantation of the ALCAPA should be considered the preferred repair technique whenever possible. If the coronary anatomy is unsuitable for coronary transfer, creation of a tubular extension of the reimplanted coronary artery using posterior pulmonary wall or pericardium may help to expand the possibilities of performing a reimplantation and avoid the disadvantages of Takeuchi repair. 
